Synthetic heterogeneous material systems, e.g., layered composite materials with organic matrices reinforced by glass fibers ͑GRP͒, are attractive materials for a variety of lightweight armor applications. However, while the dynamic response of homogeneous materials, such as, metals and ceramics, has been well documented, the ballistic response of heterogeneous material systems is poorly understood. In the present study, in an attempt to better understand the shock-induced compression response of GRPs, a series of plate impact experiments were conducted on a S2-glas fiber reinforced polymer composite comprising S2-glass woven roving in a Cycom 4102 polyester resin matrix. The plate-impact experiments were conducted using an 82.5 mm bore single-stage gas-gun at the Case Western Reserve University. The history of the shock-induced free-surface particle velocity at the rear surface of the target plate was monitored using the multibeam VALYN™ VISAR system. The results of the experiments indicate the absence of an elastic front in the shock-induced free-surface particle velocity profile in the GRP. Moreover, in the low impact velocity range, relatively weak late-time oscillations are observed in the particle velocity profiles. Increasing the amplitude of the shock-induced compression resulted in a decrease in the rise-time of the shock wave front. The critical shock stress amplitude at which a clear shock-front is seen to develop during the shock loading was determined to be between 1.5 and 2.0 GPa. The results of the experiments are used to obtain the equation of state of the GRP in the stress range 0.04-20 GPa. Moreover, the Hugoniot curve ͑Hugoniot stress versus Hugoniot strain͒ was calculated using the Rankine-Hugoniot relationships; the departure of the Hugoniot stress versus the particle velocity curve from linearity allowed the estimation of the Hugoniot elastic limit of the GRP to be about 1.6 GPa.
I. INTRODUCTION
The understanding of the behavior of heterogeneous materials under dynamic loading conditions is vital to many areas of both civil and military applications. Better understanding of their dynamic response has important practical implications connected with impact and blast mitigation, design of lightweight armor, as well as optimal design of other engineered structures with potential danger of impact loading. Currently, a variety of material systems ranging from metal, ceramics, and polymers, in both monolithic and composite forms, are being used to achieve a combination of characteristics to meet the desired goals. Some of the recent examples highlighting the success of these systems include woven composites and functionally graded materials. 1 A large body of knowledge currently exists in the literature on the propagation of acceleration waves and finite amplitude shock waves in heterogeneous materials. [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] For such systems, scattering, dispersion, and attenuation play a critical role in determining the thermomechanical response of the media. In particular, the nonlinear behavior of the S2-glass fiber reinforced polymer composites ͑GRP͒ can be attributed to the complex material architecture, i.e., the impedance and geometric mismatch at various length scales, and complex damage evolution in the form of extensive delamination, fiber shearing, tensile fiber failure, large fiber deflection, fiber microfracture, and local fiber buckling. In a recent study by Tsai and Prakash, 12 a two-wave shock response was reported in layered heterogeneous materials systems. The strength of the elastic precursor was found to decrease with increasing material impedance mismatch, inelasticity, and shock wave propagation distance, whereas the amplitude of the late-time oscillations was found to decrease with increasing material inelasticity.
Even though considerable progress has been made over the years on the experimental front, the propagation of acceleration and shock waves in heterogeneous material systems, including the phenomenon of material and geometric dispersion, continues to be poorly understood. Zhuk et al. ducted at stress levels between 0.8 and 1.2 GPa. Hydrodynamic shock front attenuation was observed for the experiments impacted by thin ͑ϳ1.3 mm͒ aluminum flyer plates. Moreover, a strong shock front dispersion was also reported. Zaretsky et al. 14 also conducted plate impact experiments on commercial KAST-V in the stress range between 0.3 and 0.8 GPa. The spall strength of KAST-V was estimated to be ϳ0.1 GPa. The equation of state ͑EOS͒ of KAST-V was also determined and the shear strength was determined to be about 0.28 GPa. They proposed that the matrix-filler interfaces controlled the behavior of the material in compression. Later, Zaretsky et al. 15 performed plate impact experiments on laminated glass-fiber reinforced epoxy 7781 composite. The free surface velocities were recorded by using a VISAR in the stress range of 0.5-2.4 GPa. The spall strength was calculated to be about 0.16 GPa. The dynamic viscosity of the composite was estimated to be much larger than of the epoxy matrix material. Oscillations in the free surface particle velocity profile were observed and the frequency of the oscillations was found to increase with increasing impact stress.
In recent years, in the United States, several experimental studies have been conducted to characterize the shock behavior of S2-glass fiber reinforced polymer composites ͑GRP͒. Dandekar et al. 16 studied the elastic constants and spall strength of a S2-GRP. They utilized ultrasonic wave velocity measurements along the six axes of the GRP to calculate the six independent elastic constants for its tetragonal stiffness matrix. The measured spall strength was between 0.007 and 0.06 GPa. On the same GRP material, Boteler et al. 17 carried out a series of experiments using embedded polyvinylidene fluoride stress-rate gauges to study the shock wave profiles in GRP as a function of propagation distance. The experimental stress histories displayed shock wave attenuation with the increasing propagation distance. In the same year, Trott et al. 18 at the Sandia National Laboratories applied a novel line-imaging velocity interferometer in order to simultaneously record the shock response of GRP at various points. The systematic difference in shock arrival time over a transverse distance of 2 mm and high amplitude fluctuations in the wave profile reflect the complex periodic geometry of GRP. Later on, Dandekar et al. 19 studied the shock response of GRP via a joint research program with Sandia National Laboratory in an effort to present the first widestress-range systematic research on this material. The EOS for GRP was determined from a series of shock-reshock and plate-reverberation experiments. Tsai et al. 20 conducted a series of plate impact experiments to investigate the structure of shock waves in the GRP. They also analyzed the experimental results of Boteler et al. 17 on shock compression behavior of the same S2-GRP material. By considering the effects of material and geometric dispersion, as well as the GRP hydrodynamic response, they concluded that hydrodynamic effects dictate the structure of shock waves in the GRP. Yuan et al. 21 studied spall strengths in two different GRP composites: S2 glass woven roving in Cycom 4102 polyester resin matrix and a balanced five-harness satin weave E-glass in a Ciba epoxy ͑LY564͒ matrix. The spall strengths of the two GRP composites were observed to decrease with increasing levels of normal shock compression. Moreover, the superposition of shear-strain on normal shock compression was found to be highly detrimental to the spall strength of the GRP composites. Tsou and Chou, 22 using a combined analytical and numerical approach, studied the shock wave propagation in a unidirectional fiber reinforced composite along the fiber direction. From these simulations the interface shear strength and heat transfer was estimated. deBotton and Tevet-Deree 23 performed shock simulations on plain-woven glass fiber reinforced composites. Fluctuations in particle velocity profiles were predicted due to stress wave reverberations between material interfaces.
More recently, the S2-glass fiber reinforced polymer composites ͑GRP͒ are being actively considered as an important component in composite integral armor ͑CIA͒ systems, 24, 25 and their impact behavior needs to be better understood over a wide range of stress states. Although the elastic constants, EOS, spall strength, and complex wave profiles have been studied by Dandekar et al., 16, 19 Boteler et al., 17 Trott et al., 18 and Yuan et al., 21 the shock compression response of the S2-GRP in the important lower stress range has been poorly documented. In view of this, in the present study, a series of plate impact experiments are conducted on various thickness GRP plates in the impact stress range of 0.04-2.6 GPa. The results of the present study along with the shock compression data obtained by Dandekar et al. 16, 19 on the same batch of S2-GRP but at higher impact stress levels are used to better understand the structure of the shock front and determine the Hugoniot elastic limit ͑HEL͒ and the EOS for the GRP material.
II. MATERIAL: GLASS FIBER REINFORCED POLYMER COMPOSITES "GRP…
S2-glass fiber reinforced polymer composite ͑GRP͒ is being considered as one of the major components in CIA systems. It provides not only structural stability but also serves as an important role in shock resistance. However, its architecture is the most complex among all the constituents in the CIA and most difficult to study. The GRP specimens used in the present research were fabricated by Elias J. Rigas, U.S. Army Research Laboratory, Aberdeen, MA, USA. They were made from S2-glass woven roving in CYCOM 4102 polyester resin matrix with 32% resin content by weight. Figure 1 shows a typical layer of the S2-glass fiber woven roving of the GRP specimen used in the present re- 16 The six independent elastic constants and elastic compliances of the tetragonal symmetry stiffness matrix are shown in Table I , where, the stiffness matrix ͓C͔ is given by 
III. EXPERIMENTAL METHODS

A. Plate impact experimental configuration
The plate impact normal shock compression experiments were conducted using the 82.5mm single-stage gas-gun at Case Western Reserve University. The experiments involve the normal impact of a flyer plate with the GRP target. The waves transmitted through the GRP were monitored at the free surface of the GRP target plate by means of a multibeam VALYN™ VISAR system. The measured motion at the free surface is then used to obtain the shock wave characteristics as the wave propagates through the GRP specimen.
The schematic of the plate-impact experimental configuration is shown in Fig. 2 . A fiberglass projectile carrying the flyer plate is accelerated down the gun barrel by means of compressed helium gas. The rear end of the projectile has sealing O-ring and a plastic ͑Teflon͒ key that slides in a key way inside the gun barrel to prevent any rotation of the projectile. In order to reduce the possibility of an air cushion between the flyer and target plates, the impact is made to occur in a target chamber that has been evacuated to 50 m of Hg prior to impact. A laser-based optical system, utilizing a UNIPHASE helium-neon 5 mW laser ͑Model 1125p͒ and a high frequency photodiode are used to measure the velocity of the projectile. To ensure the generation of plane waves, with the wave front sufficiently parallel to the impact face, the flyer and the target plates are aligned carefully to be parallel to within 2 ϫ 10 −5 rad by using an optical alignment scheme by Kim et al. 26 The actual tilt between the two plates is measured by recording the times at which four isolated, voltage-biased pins, which are flushed with the surface of the target plate, are shorted to ground. The acceptance level of the experiments is of the order of 0.5 mrad. A VALYN™ VISAR laser interferometer is used to measure the history of the normal particle velocity at the rear surface of the target plate. A COHERENT VERDI 5W solid-state diode-pumped frequency doubled Nd: YVO 4 cw laser with a wavelength of 532 nm was used to provide a coherent monochromatic light source.
B. Target assembly
In all experiments, the Al 7075-T6 and D7 tool-steel flyer plates were 75 mm in diameter, while the target GRP plates were 54 mm by 54 mm square pieces of various predetermined thicknesses. In order to avoid the development of tensile stress state in the GRP target, the thickness of the flyer plate is chosen such that the time at which the release wave from the free ͑back͒ surface of the flyer plate arrives at the impact surface much later than the time of the arrival of the release wave from the free ͑back͒ surface of the target plate. A typical target holder with the GRP specimen is shown in Fig. 3 . The target holder is made of aluminum. Besides being useful in holding and aligning the target, the target holder also provides the ground for the trigger and the tilt measurement systems. One ground pin and four trigger pins are mounted near the periphery of the GRP specimen. The GRP specimen and the ground and the trigger pins are all glued in place by epoxy and lapped flush with the impact surface, shown face-down in Fig. 3 . In all the experiments conducted in the present study a thin ͑60-125 nm͒ aluminum coating is applied to the rear surface of the GRP specimen so as to facilitate laser based diagnostics using the multibeam VALYN™ VISAR.
IV. EXPERIMENTAL RESULTS AND DISCUSSION
In the present study, a series of plate impact experiments were conducted to develop an understanding of the structure of shock waves in the GRP under normal shock compression. Four different thicknesses of GRP specimens ͑i.e., 3, 7, 13.5, and 20 mm͒, were utilized for characterization. In the experiments the amplitude of the shock compression was varied from 0.04 to 2.6 GPa. the impact velocity, GRP target thickness, the estimated free surface particle velocity in the shocked state, and the shock wave arrival time for each experiment. The organization of the experimental results is as follows. In Sec. IV A details of the structure of the shock wave fronts obtained from the measured free surface particle velocity profiles at various fixed target thicknesses and as a function of the impact velocity are provided. From these results the shock and free surface particle velocities are determined and are further used to estimate the EOS ͑shock velocity versus particle velocity͒ in Sec. IV B. Section IV C provides results on the loci of the Hugoniot stress versus Hugoniot strain in the GRP specimens under shock compression, including data from Dandekar et al. 16, 19 Section IV D provides an estimate for the HEL of the GRP based on the data acquired in this study and those available in the literature at higher levels of shock compression.
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A. Structure of shock waves in the GRP
In the present work a series of plate-impact uniaxialstrain shock compression experiments are conducted on GRP 
at stress levels in the range of 0.04-2.6 GPa. The details for determining the impact stress are provided in Sec. IV C. The measured free surface particle velocity profiles in GRP target plates with nearly the same thicknesses were used to establish the relationship between the shock-induced stress and the structure of shock waves in the GRP. Figure 4 shows the free surface velocity profiles at five different levels of shock stress for approximately 7 mm thick GRP specimens. The abscissa represents the time after the arrival of the shock waves at the free surface of the target plate and the ordinate represents the free surface particle velocity. Experiments LT30, LT25, and LT31 were shock loaded to 519, 824, and 1461 MPa, respectively, using 7075-T6 aluminum flyer plates. Experiments LT47 and LT48 were shock loaded to 2022 and 2611 MPa, respectively, using D7 tool-steel flyer plates. It should be noted that in experiments with impact stresses less than 1.5 GPa the shock front is not observed, while in experiments with impact stresses greater than 2.0 GPa the shock front is clearly evident. Moreover, the slope of the shock wave front is observed to increase with the increasing impact stress. Barker et al. 3 proposed the idea of "critical amplitude," which represents the specific shock stress for a clear shock front to appear during shock loading for a variety of materials of interest. This "critical stress" for the GRP is estimated to be between 1.5 and 2.0 GPa.
In a recent study by Tsai and Prakash 12 on shock response of metal-metal ͑elastic-elastic͒ and metal-polymer ͑elastic-viscoelastic͒ bilaminates, the late-time shock-wave profiles for the elastic-elastic bilaminates were determined to be oscillatory, with the frequency of oscillations related to the density of interfaces. However, this oscillatory behavior is not observed for the S2-glass fiber reinforced composites employed in the present study, as seen in Fig. 5 . Some oscillations can be observed in the shock profile for shot LT30, but for all other experiments the late-time shock wave profiles are relatively flat. This absence in oscillatory behavior is understood to be due to the development of complex wave interference patterns within the composites because of the impedance mismatch between the S2-glass fiber woven layers and the thin polymer layers; moreover, the inelasticity of the polymer interlayer tends to increase the wave dispersion and hence the rise time of the wave profiles. Also, in agreement with the analysis presented for the elastic-viscoelastic bilaminates, 12 the elastic precursor is not observed, which is primarily because of the inelasticity of the epoxy layer and the complex stress wave interactions that occur at the polymer/S2-glass layer interfaces. In Fig. 4 , the black circular markers indicate the position at which the slope of the particle velocity profiles changes during the rise time. It should be noted that these markers do not indicate the HEL of the composites and the origin of the change of slope at the black markers is likely due to the viscoelastic response of the polymer layers. Moreover, because of the layered architecture of the composite and the inelasticity of polymer matrix, the shock waves do not develop a sharp fronted wave. Rather, the wave profiles gradually approach the equilibrium level, like in experiments LT30, LT31, and LT48, or overshoot the equilibrium level and then settle down to the equilibrium level, like in experiments LT25 and LT47. According to Sve, 10 whether the wave fronts approach the equilibrium level gradually or overshoot the equilibrium level depends on the relative importance of two competing attenuation mechanisms. When the inelasticity of polymer layers is the dominant factor the shock front approaches the equilibrium level gradually; on the other hand, when the layered structure is the dominant factor the shock front overshoots the equilibrium level. Figure 5 shows the selective free-surface particlevelocity profiles from experiments conducted at the various impact velocities on 13 mm thick GRP specimens. The dashed lines indicate the elastic prediction for the experiments, assuming the flyer plate and the GRP composite to remain elastic. The change in slope of wave front with increasing shock compression is quite evident. Moreover, the oscillatory nature of the shock wave profile can be clearly observed in the experiments. Besides the experiment with lowest compression stress, i.e., shot LT38, the experiments shown in Fig. 6 can be categorized into three main groups based on the level of the shock-induced stress imparted on the composite: experiments with shock stresses below 350 MPa, shock stress between 350 and 700 MPa, and shock stresses above 700 MPa and less than 1 GPa. None of the experiments show a clear shock front; however, the change in slope of the wave front with increasing impact stress is quite evident from the figures. Besides the increase in slope at the wave front, the difference in the number of oscillations in the late-time particle velocity versus time profiles in the three impact velocity regimes is quite evident; for shock stresses below 350 MPa it can seen that the oscillations in the wave profiles have an amplitude between 8%-10% of the equilibrium level ͑Ͼ5-7 m/ s͒. For shock stresses between 350 and 700 MPa, the oscillations in the wave profiles were about 5%-8% of the equilibrium level ͑ϳ5 m/ s͒, while for shock stress above 700 MPa, the oscillations are seen to be about 3% of the equilibrium level ͑Ͻ4 m/ s͒.
In summary, the results of the present experiment indicate that with increasing levels of shock-induced compression the slope of wave front increases continuously. Moreover, the amplitude of the oscillations in the wave profiles decrease with increasing levels of shock compression. In this regard, it can be argued that at the lower impact stress levels the layered structure dominates the late-time wave profiles, but at the higher impact stresses the inelasticity of constituent materials dominate the GRP shock response.
B. Equation of state: Shock velocity versus particle velocity
The Rankine-Hugoniot conservation equations for shock waves in solids, also referred to as the conservation of mass, momentum, and energy relations, represent three equations that relate the five variables: pressure ͑P͒, particle velocity ͑u p ͒, shock velocity ͑U s ͒, density ͑͒, and energy ͑E͒. Hence, an additional equation is needed to determine all parameters as a function of one of them. 27 This fourth equation, which can be conveniently expressed as the relationship between shock and particle velocities, is determined experimentally.
This relationship between shock velocity ͑U s ͒ and particle velocity ͑u p ͒ can be described by a polynomial equation of the form
where, S i are experimental determined parameters and C 0 is the sound velocity in the material at zero pressure. For most materials, the EOS can be approximated as a linear relationship between the shock velocity and the particle velocity ͑U s versus u p ͒ given by
It is important to note that if there is porosity or phase transitions in the material, or if material undergoes large elasticplastic deformations, the linear EOS is no longer applicable and has to be modified. 28 For the S2-glass reinforced polyesters under investigation, the shock velocity versus particle velocity profile is shown in Fig. 6 . The shock velocity is determined from the thickness of the GRP specimens and the shock-wave arrival times estimated from the measured free-surface particle velocity profiles. In Fig. 6 , the abscissa represents the particle velocity while the ordinate represents the shock velocity. The unfilled circles represent the data points before taking the tilt data into consideration in the calculation of the shock velocity, while the black squares represent the data points after the tilt adjustments have been applied. The details of the tilt correction using the impact velocity and the individual tilt records of each experiment can be found in Prakash. 29 The effect of tilt on the shock velocity calculations is quite evident, especially at lower impact velocities where the tilt time measurements are relatively larger. The linear fit for the EOS for the GRP under investigation in the present study is determined to be U s = 3.224 + 0.960u p . ͑3͒ Figure 7 shows the EOS data for the GRP from the present research and from Dandekar et al. 19 It also shows the EOS data for the GRP constituent materials, i.e., the S2-Glass and polyester. 30, 31 The data from this work and Dandekar et al. 19 shows that, when shock compression is below 3.0 GPa, the EOS is essentially linear and lies between the EOS of S2-Glass and the polyester matrix material. The slope of the shock velocity versus particle velocity line for S2-glass as obtained in the present study is not as steep as that obtained by Dandekar et al. 19 However, the slope of the EOS for GRP is smaller than that of the EOS for the two constituents, i.e., the S2-glass and polyester. This is probably because in monolithic materials, i.e., in S2-Glass and polyester, there are much fewer defects ͑e.g., voids, complex polymer/glass interfaces, etc.͒ when compared with those in the GRP. Hence, during propagation of shock waves, the FIG. 6 . ͑Color online͒ Shock velocity vs particle velocity profile for the GRP. The effects of tilt on the shock velocities are quite apparent at the lower impact velocities.
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GRP is not able to carry the same level of shock compression stress when compared with either the S2-glass or polyester, as the particle velocity ͑impact velocity͒ is increased.
In an effort to estimate the S2-GRP EOS for a larger range of shock compression stresses, the data points from Dandekar et al. 19 were combined with the data from the present study, as shown in Fig. 8 . The linear fit for the three sets of experiments shows that the relationship between shock velocity and the particle velocity in GRP for shock compression levels between 0.04 and 20 GPa can be described by U s = 3.228 + 0.996u p . ͑4͒
In Eq. ͑4͒, C 0 = 3.228 km/ s, which is close to the ultrasonic wave-velocity measurement of 3.21Ϯ 0.012 km/ s in the GRP by Dandekar et al. 16 along the impact direction. The shock velocities, particle velocities, and tilt time data from the present study are listed in Table III .
C. Hugoniot stress versus Hugoniot strain "Hugoniot…
From the Rankine-Hugoniot conservation relations, the relationship between stress and strain immediately behind the wave front can be established. This stress versus strain relationship is generally referred to as the Rankine-Hugoniot equation, or simply as the "Hugoniot." 28 For this reason, the stress and strain immediately behind shock wave front are also referred to as the Hugoniot stress and Hugoniot strain.
A "Hugoniot" is the locus of all the shock states in a material and essentially describes the shock response of a material. As mentioned in the previous section, the Hugoniot of a material can be determined as long as its EOS is known. From the Rankine-Hugoniot conservation relationships, it can be shown that the Hugoniot stress, H , can be determined from shock velocity U s and particle velocity u p as
Also, the Hugoniot strain, H , can be expressed as
Using the Rankine-Hugoniot conservation of mass, the relationship between mass density, shock velocity, and particle velocity can be expressed as
Using Eqs. ͑6͒ and ͑7͒ the Hugoniot strain, H , can be determined from shock velocity and particle velocity as
The Hugoniot stress and Hugoniot strain values, obtained by using the measured shock and particle velocities and Eqs. ͑5͒ and ͑8͒, are shown in Table IV for the experimental data of Dandekar et al. 16, 19 and Table V for the data obtained in the present study.
Combining Eqs. ͑5͒ and ͑8͒, and the EOS ͓i.e., Eq. ͑2͔͒, the relationship between H and H can be expressed in terms of the sound velocity at zero pressure C 0 , and the empirical constant S as
The Hugoniot stress and Hugoniot strain states, obtained using the data from the present experiments and Eqs. ͑5͒ and ͑8͒, are shown in Fig. 9 . The dashed line represents the linear fit to the Hugoniot stress versus Hugoniot strain data, while the solid line represents the relationship between Hugoniot stress and Hugoniot strain calculated using Eq. ͑9͒ and the EOS determined from Eq. ͑4͒ in the previous section. The concave up shape of Hugoniot curve is more evident in Fig.  10 , which includes the shock data from Dandekar et al. 16, 19 for the evaluation of Hugoniot in higher stress range. Although the data shows good agreement with the linear fit at the lower levels of stress, the calculated Hugoniot stress versus strain curve more accurately describes the experimental data over the entire range of stress. 
D. Hugoniot stress versus particle velocity
By utilizing the Rankine-Hugoniot relationship ͑5͒ and the EOS ͓Eq. ͑2͔͒, the relationship between Hugoniot stress and particle velocity can be written as
This curve can be determined as long as the sound velocity at zero stress C 0 and the empirical constant S in the EOS are known. Figure 11͑a͒ shows the Hugoniot stress versus particle velocity data from all the GRP experiments conducted in the present study and from Dandekar. 16, 19 The solid line represents the calculated Hugoniot stress versus particle velocity curve obtained using Eq. ͑10͒, while the dashed line represents the elastic prediction for the stress and particle velocity based on the elastic acoustic impedance of the GRP. The acoustic impedance was calculated from the sound velocity at zero stress multiplied the initial density of GRP. 19 As predicted, the Hugoniot stress versus the particle velocity curve obtained by using Eq. ͑10͒ conforms well to the various data sets and has the regular concave-up profile. The dashed-line was drawn to identify the elastic-limit in GRP under the shock loading conditions. Based on their experimental results, Dandekar et al. 19 estimated the HEL for GRP to lie between 1.3 and 3.1 GPa. Figure 11͑b͒ shows the data points from zero to 1 km/s particle velocity and thus provides a better look at the data points in the lower stress range. The dashed line represents the elastic relationship between stress and particle velocity based on the acoustic impedance of GRP before impact, while the solid line represents the calculated Hugoniot stress versus particle velocity curve. Combining experimental data from the present study with that of Dandekar et al., 19 the HEL can be identified as the deviation of the elastic estimate ͑dashed line͒ with the Hugoniot stress versus the particle velocity curve and is estimated to be approximately 1.6 GPa. 
V. SUMMARY
In the present study a series of plate impact experiments was conducted to study the shock response of S2-GRP under shock stresses ranging from 0.04 to 2.6 GPa. The history of the free-surface particle velocity at the rear surface of the target plate was monitored by using a multibeam VALYN™ VISAR. From the experimental results it is seen that the shock-wave propagation in heterogeneous materials is a complex phenomenon and is affected by scattering, dispersion, and attenuation of the shock waves. These material nonlinearities can be attributed to a number of material and geometrical heterogeneities including material impedance mismatch, geometry of the fiber reinforcement, elasticplastic material behavior, material failure, and delamination.
From the results of the experiments it can be seen that no elastic wave front was present in the shock-induced freesurface particle velocity profile in the GRP. Moreover, relatively weak late-time oscillations are observed in the particle velocity profiles in the low impact stress range. By increasing the amplitude of shock-induced compression, the risetime of the shock wave front as well as the amplitude of the late-time oscillations were observed to decrease. The critical shock stress amplitude at which a clear shock-front is seen to develop during shock loading of the S2-GRP was determined to be between 1.5 and 2.0 GPa. Combining the results of the present experiments with data from Dandekar et al., 16, 19 the EOS of the GRP was determined in the stress range from 0.04 to 20 GPa. Besides EOS, the Hugoniot curve ͑Hugoniot stress versus Hugoniot strain͒ was calculated using the Rankine-Hugoniot relationships; the departure of the Hugoniot stress versus particle velocity curve from linearity allowed the estimation of the HEL of the GRP to be about 1.6 GPa.
